Purpose: The objective of this study was to investigate the relationship between visual acuity, peripapillary retinal nerve fibre layer (pRNFL), retinal thickness at the fovea and other factors with the neurologic status of former preterm children. Methods: In this cross-sectional hospital based study in a maximum care tertiary centre, detailed anthropometric and ophthalmological data of former preterm children ranging from 4 to 10 years of age with a gestational age (GA) ≤32 weeks were assessed. Analyses of the correlation between pRNFL and foveal thickness, as well as visual acuity (VA) parameters at 4-10 years of age, with neurological development were evaluated at 2 years of age by Bayley Scales II of Infant Development, including Psychomotor Developmental Index (PDI) and Mental Developmental Index (MDI). Results: Data were available for 106 former preterm children. Univariate analysis revealed a correlation between PDI with pRNFL thickness (B = 0.43; p = 0.013), VA (B = À29.2; p < 0.001), GA (B = 2.7; p = 0.002), retinopathy of prematurity (ROP; B = À16.3; p < 0.001) and intraventricular haemorrhages (IVH; B = À22.9; p < 0.001) but not with strabismus or foveal thickness. In the multivariable analysis, the association remained for visual acuity and IVH, but not for pRNFL thickness or ROP. Mental Developmental Index (MDI) was associated with visual acuity (B = À34.3; p = 0.001), GA (B = 2.53; p = 0.02) and IVH (B = À15.4; p = 0.02), the latter also in the multivariable analysis. Conclusion: This study revealed an association between PDI at 2 years of age and lower visual acuity later in childhood. However, there was no correlation between retinal morphology and neurologic outcome in former preterm children after adjusting for several potential confounders.
Introduction
Prematurity influences neurologic development processes in all central nervous tissues (Malik et al. 2013; Salmaso et al. 2014 ) and can lead to neurodevelopmental impairments (Marret et al. 2007; Sommer et al. 2007 ; Aarnoudse- Moens et al. 2009 ), such as cerebral palsy, cerebral visual impairment, white matter abnormalities and varying regional cortical volumes, compared to full-term born neonates (Inder et al. 2005 ; Thompson et al. 2012; Woodward et al. 2012; Lee et al. 2013) .
A correlation of head circumference with brain volume and neurodevelopmental outcome has been previously reported in premature infants (Tolsa et al. 2004 ). In addition, damage to the optic radiation in the immature brain can cause retrograde trans-synaptic degeneration of retinal ganglion cells (Jacobson et al. 1996; Cioni et al. 1997) . The optic nerve is part of the central nervous system, and currently, peripapillary retinal nerve fibre layer (pRNFL) measurements can non-invasively provide quantitative and qualitative information about the central nervous tissue. Indeed, Rothman et al. (2015) reported an association between pRNFL and brain structure as well as neurodevelopment changes in preterm infants versus full-term infants. Similarly, the Wiesbaden Prematurity Study (WPS) investigating former preterm and full-term children at age 4-10 years has demonstrated an association of pRNFL thinning with low birthweight as well as low gestational age (GA). Furthermore, in the WPS, an association between pRNFL thinning and reduced visual acuity was found (Fieß et al. 2017a) . Therefore, it is of interest if these pRNFL measurements reveal information about infants' neurologic development. Moreover, because prematurity can also cause disturbed development processes in the macula, these changes may also be associated with impeded visual function (Bowl et al. 2016; Fieß et al. 2017b) . Consequently, it is of clinical importance to investigate if pRNFL and/or macula changes are associated with neurological development.
The aim of this study was to investigate the association of ophthalmic parameters in former preterm children at 4-10 years of age with their neurological development. Foveal retinal thickness, pRNFL thickness, visual acuity and other factors were evaluated in relation to measures of Bayley Scales of Infant Development, Second Edition (BSID II).
Patients and Methods
This study was conducted in accordance with the Declaration of Helsinki. Study approval was obtained from the local ethics committee (Physician Chamber Hessen, Germany). Written informed consent was obtained from the parent or legal guardian of each child prior to study entry. The authors declare no financial or proprietary interests.
Patients
In the present analysis, children (aged 4-10 years) were included if they participated in the larger-scale 'WPS', and if results related to their routine followup examination at 2 years after birth in the socio-paediatric centre were available and could be retrospectively collected. For the WPS, former preterm children and randomly selected former full-term neonates born from 2004 to 2010 in our hospital, the Helios Dr. Horst Schmidt Klinik Wiesbaden, Germany, were invited for ophthalmic follow-up examination between July 2014 and March 2015. This examination included an ophthalmic assessment at an age from 4 to 10 years. Children with severe congenital anomalies since birth were excluded from the study. Severe congenital anomalies were defined as infants with congenital chromosomal disorders or/ and congenital heart diseases, or/and neural tube defects. Former preterm children with a GA ≤32 weeks are routinely examined in our socio-paediatric centre at 2 years of corrected age. Only children with results of their ophthalmic and neurologic follow-up examinations were included.
For further analysis, subjects were classified into different groups: group 1, preterm children with a GA between 29 and 32 weeks without retinopathy of prematurity (ROP), group 2, preterm children of GA ≤28 weeks without ROP, and group 3, preterm children with GA ≤32 weeks and the presence of ROP. Data of former full-term children collected in the WPS were not included in the present analysis because no neurological testing was routinely performed in these infants at 2 years of age.
Data assessment within the Wiesbaden Prematurity Study
A detailed assessment of patients 0 medical history was performed from medical records, and parents were invited to complete a questionnaire prior to study examination. Information collated from the medical records included data about perinatal adverse events and ROP screening. According to German guidelines, postnatal ROP screening was initiated at 6 weeks after birth with regular follow-up until full retinal vascularization or until ROP activity regression after the expected date of birth was achieved. Laser treatment was performed if in zone I plus disease in two quadrants or occurrence of stage 3 ROP (without plus) was present, or if in zone II stage 3 ROP of five coherent clock hours or of eight individual clock hours was present in combination with plus disease in two quadrants. (German Ophthalmologic Society 2008) For the enrolled children, occurrences of perinatal and postnatal complications, such as intraventricular bleeding (stages from 1 to 4), were assessed, and the occurrence of periventricular leukomalacia, necrotizing enterocolitis and sepsis was documented and summarized as other perinatal adverse events.
Furthermore, a comprehensive ophthalmologic examination was performed. Additionally, testing of bestcorrected visual acuity (BCVA) was performed with LEA symbols until school enrolment and after that, with Landolt rings in all subjects. In cases of visual acuity below 20/200, depending on the child 0 s age, LEA symbols or Landolt rings were used at a distance of one metre. Values were converted for the analysis into the logarithm of the minimum angle of resolution (log-MAR) (Bach & Kommerell 1998) . Orthoptic examination for strabismus included the cover-uncover test and alternate cover test, Hirschberg-Test and examination of fixation behaviour, as well as the presence or absence of nystagmus. Strabismus was defined as constant or intermittent heterotropia of any dimension at distance and/or near fixation as reported earlier (Fieß et al. 2017a,b,c) . In addition, cycloplegic refraction, keratometry analysed with a Nikon Nidek ARK-1s keratometer (NIDEK CO., LTD., Gamagori, Japan), eye length measurement with IOL Master 500 (Carl Zeiss Meditec, Jena, Germany), and a peripapillary scan and a macular cross hair scan with spectral domain optical coherence tomography (SD-OCT) Spectralis-OCT (Heidelberg Engineering GmbH, Heidelberg, Germany) were performed. Additionally, actual weight, height and head circumference were assessed at study examination.
Spectral domain OCT image acquisition and analysis
This study provides analysis of pRNFL measurement data of subjects who participated in the larger-scale WPS aged 4-10 years with available routine neurologic follow-up examination at 2 years of corrected age in our sociopaediatric centre. Only pRNFL measurements of good SD-OCT signal strength without movement or acquisition artefacts were included. Peripapillary circle SD-OCT scans were implemented centred on the optic disc using eye tracking with high axial resolution of 4 lm as reported earlier (Fieß et al. 2017a) . When the SD-OCT was not possible, another measurement was attempted. For the analysis, global pRNFL thickness of the right eye calculated by the Heidelberg analysis software tool (Version 6.0.7.0; Heidelberg Engineering) was recorded and included in the analysis (Fig. 1) .
Additionally, in every subject, one horizontal and vertical scan through the fovea with SD-OCT was performed (macular cross hair scan). The deepest foveal depression was assumed to be the foveal centre. The HEIDELBERG EYE EXPLORER segmentation software (Version 6.0.7.0; Heidelberg Engineering GmbH) was used to measure the thickness of the total foveal retinal layer (TR) (Fieß et al. 2017b ).
Neurodevelopmental follow-up examination
Since 2006, a standard examination for neurodevelopmental outcome assessment in former preterm children is required at 2 years of corrected age in every perinatal centre in Germany. At the routine examination in our socialpaediatric centre, anthropometric data for weight, height and head circumference are assessed, as well as testing of cognitive and motoric abilities with the BSID II (Bayley 1993) . These are used to evaluate infant development with standardized cognitive and motoric development tests. The cognitive test (MDI, Mental Developmental Index) measures verbal and non-verbal outcomes (Reuner & Pietz 2006) , while the psychomotoric test (PDI, Psychomotor Developmental Index) evaluates gross and fine motor tasks. The items for each sector are ordered according to the level of difficulty and entry, and exit rules are formulated. Raw values are transformed to age-related normative values (M = 100, SD = 15) with values between 85 and 115 considered average, values <85 as below average and values >115 as above average (Reuner 2007) . Index values for infants with BSID II scores <50 were extrapolated from the Bayley-2 standardized population reported by Robinson & Mervis (1996) to allow the analysis of associations for infants with the lowest neurologic outcome.
Statistical analyses
Continuous variables were expressed as mean AE standard deviation (SD). Categorical variables were expressed as proportions. The chi-square test was used to analyse the association between categorical variables, and the distribution of the data was tested for normality using the Kolmogorov-Smirnov test. The Mann-Whitney U-test was used to compare two independent continuous parameters and the Kruskal-Wallis test used for several groups. Only the data of the right eye were included for the history of ROP and ophthalmic measurements (Fan et al. 2011) .
For univariate analysis, the association of visual acuity (logMAR), pRNFL thickness (lm), total retinal thickness in the fovea (lm), intraventricular haemorrhage (IVH; yes), other adverse events (yes), strabismus (yes), ROP occurrence (yes), GA (weeks), birthweight (percentile), age (years), sex (male) with PDI, MDI and head circumference at birth, at 2 years of age and at follow-up examination were determined using linear regression analysis. All factors with a p-value ≤0.05 in the univariate analysis were thereafter included in a multivariable linear regression model to assess the independent association between the different factors, with additional adjustment for head circumference percentile at 2 years and 4-10 years of age. The non-standardized coefficient beta was calculated. The statistical analyses were performed exploratively, and p-values are therefore described Fig. 1 . The standard Heidelberg Engineering SD-OCT RNFL thickness imaging and analysis tool. The picture shows the RNFL thickness profile of a 7-year-old preterm born children of group one. The image at the top left illustrates the location of peripapillary RNFL scan in fundus photograph, top right shows the image of the peripapillary RNFL scan, at the bottom left calculated thickness parameters for each sector are displayed, and on the bottom right RNFL thickness profile is displayed. RNFL = retinal nerve fibre layer, SD-OCT = spectral-domain optical coherence tomography.
exactly. Statistical analyses were performed using IBM SPSS 20.0 (SPSS Inc. Chicago, IL, USA).
Results

Characteristics
In total, 239 former preterm and 264 full-term children were examined in the WPS. There was neurodevelopment outcome data available for 106 of the former preterm children, recorded prior to WPS participation at 2 years of age (Fig. 2) . Accordingly, data were available for 51 of 125 children with a GA between 29 and 32 weeks without ROP (group 1), for 31 of 59 children with a GA ≤28 weeks without ROP (group 2) and for 24 of 55 children with postnatal ROP occurrence and a GA ≤32 weeks (group 3). Overall, only one child in group 3 had a GA above 28 weeks with stage 1 ROP. Patient characteristics including GA, gender and anthropometric parameters at birth, at 2 years of age as well as at ophthalmic examination are presented in Table 1 . The children in group 1 showed a trend towards higher weight and height at all three different timepoints.
The mean age at WPS examination of all subjects in the present analysis was 5.6 AE 1.6 years, and 60 subjects were male (56.6%). The PDI and MDI scores were documented in 81 and 101 preterm children, respectively. Peripapillary retinal nerve fibre layer (pRNFL) thickness measurements were available for 83 and macular thickness measurements for 86 preterm children.
Ophthalmologic findings at 4-10 years of age Data about postnatal occurrence and stage of ROP, visual acuity, strabismus, nystagmus, spherical equivalent, axial length, pRNFL and total foveal retinal thickness measurements for each group are presented in Table 2 . Postnatal laser photocoagulation was performed in five children. Visual acuity differed significantly between the three groups. No difference was found for spherical equivalent and axial length between the three groups (Table 2) .
Cognitive and motoric testing at 2 years of age
Average PDI showed a significant difference between the three groups, with the lowest PDI values observed in the ROP group as shown in Table 3 . There was no difference in the MDI values between the three groups.
Univariate correlation of different factors with PDI, MDI and head circumference at birth, 2 years of age and at 4-10 years are presented in Table 4 .
Multivariable analysis of associations with PDI, MDI and head circumference at birth, 2 years of age and at 4-10 years adjusted for head circumference percentile at 2 years and 4-10 years of age (see Table 5 ):
PDI
In the multivariable analysis assessing associations with ocular parameters, a lower PDI score was associated with lower visual acuity (a low value of logMAR indicates good visual acuity), but not with pRNFL or ROP. Intraventricular haemorrhages (IVH) were also associated with a lower PDI score in this model (Table 5) .
MDI
Multivariable linear regression analysis revealed only IVH as associated factor, while none of the other parameters reached statistical significance, including visual acuity (Table 5 ).
Head circumference
A smaller head circumference at age of examination (4-10 years of age) was associated with lower visual acuity, while no association was detected at other ages or for other ocular parameters.
Discussion
The objective of this study was to evaluate the association of foveal retinal thickness, pRNFL thickness, visual acuity and other covariates in former preterm children at 4-10 years of age with their neurological development evaluated at 2 years of age. Interestingly, in the multivariable analysis, low PDI scores at 2 years of corrected age were strongly associated with reduced visual acuity in children aged from 4 to 10 years. This may indicate that preterm children, especially those with low PDI scores, are at increased risk of reduced visual acuity. In addition, IVH remained significantly associated with low PDI in multivariable analysis, whereas no association was detected between neurologic status at 2 years of age and pRNFL or foveal retinal thickness measurements at 4-10 years of age after adjustment for children's development. Furthermore, low MDI at 2 years of age was only associated with IVH in the multivariable analysis. Of note, a smaller head circumference at 4-10 years was associated with reduced visual acuity at the same age in the multivariable analysis.
Cerebral alterations in former preterm children
White matter alterations and differing cortical volumes have been detected in former preterm children, demonstrating that the brain of a very preterm infant is different to that of full-term born infant (Inder et al. 2005; Thompson et al. 2012 Thompson et al. , 2014 Lee et al. 2013 ). Tolsa et al. (2004) observed a correlation between head circumference and brain volume, and neurologic development in premature infants born with intrauterine growth restriction. Based on this association, several studies have analysed the correlation of head circumference and neurologic development in preterm infants. Neubauer et al. (2013) reported that low head growth in preterm infants correlates with poor neurologic outcome. The association between smaller head circumference and reduced visual acuity at the age of 4-10 years observed in the present study further supports these previous reports.
Changes in the optic nerve
In previous studies which measured peripapillary RNFL thickness in former preterm infants with SD-OCT, low birth weight (Tariq et al. 2011; Fieß et al. 2017a ), low GA (Wang et al. 2012; Fieß et al. 2017a ) and stage of ROP (Park & Oh 2015) were identified as the main factors influencing pRNFL thinning. Furthermore, McLoone et al. (2006) observed a hypoplastic optic nerve via RetCam (Clarity Medical Systems) in preterm infants with stage IV intraventricular bleeding imaged at 33-34 weeks of GA. In addition, it is well-known that prematurity and ROP also cause developmental alterations of the macula, leading to retinal thickening in the fovea in childhood ( Akerblom et al. 2012; Fieß et al. 2017b; Molnar et al. 2017) . However, it is remarkable that neither pRNFL nor total foveal retinal thickness measured at the age of 4-10 years were associated with neurologic development in multivariable analysis at 2 years of age. This finding indicates that retinal morphology measured in infancy do not provide additional information to the parameters (i.e. head circumference) already included in the neurodevelopmental examinations.
Comparison of neurological outcome to other collectives
In this study, the most preterm children with poor neurologic outcome defined by the Bayleys scores were observed in the group of children with ROP. Molloy et al. (2015) reported that infants with severe ROP are at increased risk of poor cognitive outcome compared to very low birthweight preterm infants without eye lesions (ROP). The mechanism responsible is complex and probably caused by ROP and possible accompanying processes. Struck et al. (2013) reported comparable PDI values to our study population for a German cohort. Furthermore, the authors noted a low participation rate at the neurological examination at 2 years, which is in agreement with our findings. However, consideration must be given to the possibility that the real follow-up rate at 2 years of corrected age was higher because infants were probably examined in an external socio-paediatric centre. Nevertheless, following discharge, parents should be advised about the importance of follow-up visits for preterm infants during the first years of life to reduce the impact of the sequelae of prematurity, as well as to facilitate early diagnosis Mean AE standard deviation; for eight children of each group anthropometric data at 2 years of age was only partially documented. MDI = Mental Developmental Index, n = number of children, PDI = Psychomotor Developmental Index, ROP = retinopathy of prematurity, weeks = weeks of gestational age.
and treatment of problems that may arise.
Visual acuity and neurodevelopmental scores
The occurrence of ROP (Palmer et al. 2005) and cerebral white matter injuries (Ricci et al. 2006 ) has been reported as the main determinants for poor visual outcome, particularly of extremely low birthweight infants. Thompson et al. (2014) observed microstructural changes in the optic radiation and an association with lower visual function in this population. In a recent study by Tong et al. (2014) , the authors reported that optic nerve parameters in premature infants using SD-OCT at 31-36 weeks and 37-42 weeks of GA were associated with cerebral nerve system pathology (i.e. hydrocephalus, periventricular leukomalacia) and future cognitive development (Bayley Scales in infants) . In this analysis, low PDI scores at 2 years of corrected age were associated with reduced visual acuity in children aged from 4 to 10 years, indicating an interaction of neurologic outcome and visual acuity in former preterm infants. This is supported by the finding that small head circumference and reduced visual acuity correlated at the age of 4-10 years. The prediction model BSID is the most widely used measure to assess neurodevelopment of extremely and very low birthweight preterm infants in the first 3 years of life and may be now helpful for the identification of infants with future risk of visual impairment. Accordingly, close ophthalmologic follow-up care to prevent vision loss is particularly important in these infants, especially those with ROP.
Strengths and limitations
The strengths of this analysis include the morphometric assessment of nerve fibre tissue, namely peripapillary RNFL thickness and foveal retinal thickness with Values for PDI and MDI scores between 85 and 115 were graded as average, values <85 as below average, and values >115 as above average (Reuner 2007) . MDI = Mental Developmental Index, PDI = Psychomotor Developmental Index, ROP = retinopathy of prematurity, weeks = weeks of gestational age.
SD-OCT using high axial resolution, as well as functional examination (visual acuity) and standardized neurological evaluation using Bayley Scores II. The potential influences of gender and age at examination (Budenz et al. 2007; Bendschneider et al. 2010; Alasil et al. 2013) on peripapillary RNFL and foveal retinal measurements were also adjusted for. Nevertheless, the study has some limitations. First, the study was a singlecentre design; hence, there may be selection bias due to the referral process. Furthermore, parents had the opportunity to select other external institutions for standard neurologic examination at 2 years of corrected age, and some declined to participate in our study so potential selection bias cannot be ruled out. The results of the Bayley Scores II at 2 years of age were retrospectively collected, as this is the time-point where neurodevelopmental assessment is normally performed in former preterm children. Additionally, neurologic testing, peripapillary RNFL and foveal retinal thickness measurements were not possible in all participants due to incompliance of the infants or instable fixation. Ophthalmic examination and ocular imaging were performed at age 4-10 years because it is very difficult and less reliable in younger children. To adjust for individual childhood development, we included head circumference percentiles at both observation time-points 2 years of age and at the ophthalmic examination. As children's age and development were related to refractive error, visual acuity and ocular morphology, the univariate results should be interpreted with caution. Routine neurologic testing has only been mandatory for a few years; consequently, there was less neurologic testing conducted on older subjects participating in the WPS, so the results cannot be generalized over the age range from 4 to 10 years. Other adverse events -periventricular leukomalacia, necrotizing enterocolitis and sepsis summarized as other perinatal adverse events. Significant correlations were presented in bold. B = non-standardized beta, IVH = intraventricular haemorrhage, MDI = Mental Developmental Index, PDI = Psychomotor Developmental Index, pRNFL = peripapillary retinal nerve fibre layer, ROP = retinopathy of prematurity, RT = retinal thickness. Other adverse events -periventricular leukomalacia, necrotizing enterocolitis and sepsis were summarized as other perinatal adverse events. Significant correlations were presented in bold. B = non-standardized beta, IVH = intraventricular haemorrhage, MDI = Mental Developmental Index, PDI = Psychomotor Developmental Index, pRNFL = peripapillary retinal nerve fibre layer, ROP = retinopathy of prematurity, RT = retinal thickness.
Conclusion
The study revealed an association between PDI at 2 years of age and lower visual acuity later in childhood. Interestingly, there was no correlation between retinal morphology and neurologic outcome in former preterm children after adjusting for several potential confounders. As survival of preterm infants has improved in recent years, assessment of neurological outcome and ophthalmological long-term care will be necessary in future. Furthermore, the association between head circumference and reduced visual acuity at 4-10 years suggests an interaction between head growth and visual development.
